Abstract: Although muscarinic K + (K ACh ) channels contribute to a rapid heart rate (HR) response to vagal stimulation, whether background sympathetic tone affects the HR control via the K ACh channels remains to be elucidated. In seven anesthetized rabbits with sinoaortic denervation and vagotomy, we estimated the dynamic transfer function of the HR response by using random binary vagal stimulation (0-10 Hz). Tertiapin, a selective K ACh channel blocker, decreased the dynamic gain (to 2.3 ± 0.9 beats•min
, from 7.3 ± 1.1, P < 0.01) and the corner frequency (to 0.06 ± 0.02 Hz, from 0.23 ± 0.06, P < 0.01). Two-way analysis of variance indicated significant interaction between the tertiapin and CSS effects on the dynamic gain. In contrast, no significant interactions were observed between the tertiapin and CSS effects on the corner frequency and the lag time. In conclusion, although a cyclic AMP-dependent mechanism has been well established, an accentuated antagonism also occurred in the direct effect of ACh via the K ACh channels. The rapidity of the HR response obtained by the K ACh channel pathway was robust during the accentuated antagonism.
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Vagal control of heart rate (HR) is mediated by ACh, which activates M 2 muscarinic receptors and heterotrimeric G i and/or G o proteins in cardiac myocytes [1] . The actions of ACh are determined by the G i protein subunits. The α subunits of the G i proteins inhibit adenylyl cyclase and decrease HR by counteracting the sympathetic effects [2] , whereas βγ subunits activate inwardly rectifying muscarinic K + (K ACh ) channels and decrease HR by hyperpolarizing the maximum diastolic potential in the sinus node cells [3] [4] [5] . Hereafter in the present paper, we refer to the former action as the indirect action of ACh and the latter action as the direct action of ACh. In a previous paper, we demonstrated that a selective K ACh channel blocker tertiapin decreased and slowed the HR response to dynamic vagal stimulation, suggesting that the K ACh channels contribute to a rapid HR response to vagal stimulation [6] . However, whether background sympathetic tone affects HR control via the K ACh channels remains to be elucidated. Because pathophysiological conditions such as chronic heart failure [7] , hypertension [8] , and obesity [9] often display increased sympathetic nerve activity, it would be important to quantify the effects of background sympathetic tone on the HR response via the K ACh channels for a better understanding of the vagal HR control in such disease states.
We made two hypotheses regarding sympathetic effects on vagal HR control via the K ACh channels. With respect to the speed of HR regulation, the indirect action of ACh relies on slower changes in intracellular cyclic AMP levels [10, 11] . In contrast, the direct action of ACh utilizes the faster membrane-delimited mechanisms of K ACh channels and is believed to be independent of sympathetic control [12] . Accordingly, we fi rst hypothesized that background sympathetic tone would not affect the rapidity of HR control provided by the K ACh channel pathway. With respect to the magnitude of HR regulation, complex sympathovagal interactions can occur in autonomic HR control. Levy [13] termed the phenomenon that background sympathetic tone augmented vagal HR control "an accentuated antagonism." Kawada et al. [14] demonstrated that sympathovagal interaction bidirectionally increased the dynamic gain of HR control, even To test the above-mentioned hypotheses, we examined the dynamic and static transfer characteristics of the HR response to vagal stimulation using a selective K ACh channel blocker tertiapin and concomitant cardiac sympathetic stimulation (CSS). Observation of significant interaction between tertiapin and CSS effects might allow us to deduce that background sympathetic tone infl uences the direct action of ACh via K ACh channels.
MATERIALS AND METHODS
Surgical preparations. Animal care was consistent with "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" of the Physiological Society of Japan. All protocols were reviewed and approved by the Animal Subjects Committee of the National Cardiovascular Center. Seven Japanese white rabbits (2.7-3.2 kg body wt) were anesthetized using a mixture of urethane (250 mg/ml) and α-chloralose (40 mg/ml): an initial bolus dose of 2 ml/kg and a maintenance dose of 0.5 ml·kg . The rabbits were intubated and mechanically ventilated with oxygen-enriched room air. Arterial pressure (AP) was measured by a micromanometer (SPC-330A, Millar Instruments, Houston, TX, USA) inserted into the right femoral artery and advanced to the thoracic aorta. HR was measured with a cardiotachometer (model N4778, San-ei, Tokyo, Japan). A double-lumen catheter was introduced into the right femoral vein for continuous anesthetic and drug administration. Sinoaortic denervation was performed bilaterally to minimize changes in sympathetic efferent nerve activity via arterial baroreflexes. The main branches of the cardiac postganglionic sympathetic nerves were sectioned bilaterally through a midline thoracotomy. A pair of bipolar platinum electrodes was attached to the cardiac end of the sectioned right inferior cardiac sympathetic postganglionic nerve for tonic cardiac sympathetic nerve stimulation [15] . The vagi were sectioned bilaterally at the neck. Another pair of bipolar electrodes was attached to the cardiac end of the sectioned right vagus for vagal stimulation. Immersion of the stimulation electrodes and nerves in a mixture of white petroleum jelly (Vaseline) and liquid paraffin prevented the nerves from drying and also provided insulation. Body temperature was maintained at 38°C with a heating pad throughout the experiment.
Experimental protocols. The pulse duration of nerve stimulation was set at 2 ms. The stimulation amplitude of the right vagus was first adjusted in each animal to yield an HR decrease of ~50 beats/min at 10 Hz constant stimulation (1.6-6.0 V, 3.2 ± 1.7 V, mean ± SD) and fi xed.
The stimulation amplitude of the right cardiac sympathetic nerve was also adjusted in each animal to yield an HR increase of ~50 beats/min at 5 Hz constant stimulation (1.5-3.5 V, 2.2 ± 0.8 V) and fi xed. Approximately 1 h elapsed after the completion of surgical preparation until stable hemodynamics were attained.
Dynamic protocol (n = 7). For an estimation of the dynamic transfer characteristics from vagal stimulation to the HR response, the right vagus was stimulated by a frequency-modulated pulse train for 10 min. The stimulation frequency was switched every 500 ms at either 0 or 10 Hz according to a binary white-noise signal. The power spectrum of the stimulation signal was reasonably constant up to 1 Hz. The transfer function was estimated up to 1 Hz because the reliability of estimation decreased as a result of the diminution of input power above this frequency. The selected frequency range spanned the frequency range of physiological interest sufficiently with respect to the dynamic vagal control of HR in rabbits.
Static protocol (n = 5). For an estimation of the static transfer characteristics between vagal stimulation and HR response, stepwise vagal stimulation was performed. Vagal stimulation frequency was increased to 20 Hz, from 5, in 5 Hz increments. Each frequency step was maintained for 60 s.
Pharmacological intervention. We used a selective K ACh channel blocker tertiapin (Peptide Institute, Inc., Osaka, Japan) to block the direct action of ACh in vagal HR control. The dynamic and static characteristics of the heart rate response to vagal stimulation were estimated with and without CSS. After the tertiapin-free data were obtained, a bolus dose (30 nmol/kg iv) of tertiapin was administered. Fifteen min thereafter, the dynamic and static characteristics were estimated again, with and without CSS. The tertiapin-free data were obtained fi rst in all animals because the long-lasting (>2 h) effects of tertiapin did not permit the acquisition of tertiapin-free data after the tertiapin administration. The order of dynamic and static protocols and the order of CSS application were randomly assigned in different animals. An intervening interval of more than 5 min was allowed between the dynamic and static protocols so that AP and HR returned their prestimulation values.
Data analysis. A 12-bit analog-to-digital converter was used to digitize the AP and HR recordings at 200 Hz, and the data were stored on the hard disk of a dedicated laboratory computer system. The dynamic transfer function from binary white-noise vagal stimulation to the HR response was estimated as follows. Input-output data pairs of the vagal stimulation frequency and HR were resampled at 10 Hz; then data pairs were partitioned into eight 50%-overlapping segments, each consisting of 1,024 data points. For each segment, the linear trend was subtracted and a Hanning window applied. A fast Fourier transform was then performed to obtain the frequency from vagal stimulation to the HR response was estimated as follows [17, 18] . (1) In previous studies [6, 14] the transfer function from vagal stimulation to HR response approximated a firstorder, low-pass filter with a lag time; therefore the estimated transfer function was parameterized using the following mathematical model. (2) where K represents the dynamic gain (or, to be more accurate, the steady-state gain, in beats·min
), fc denotes the corner frequency (in Hz), L denotes the lag time (in s), and f and j represent frequency and imaginary unit, respectively. The negative sign in the numerator indicates the negative HR response to vagal stimulation. The steady-state gain indicates the asymptotic value of the relative amplitude of HR response to vagal nerve stimulation when the frequency of input modulation approaches zero. The corner frequency represents the frequency of input modulation at which gain decreases by 3 dB from the steady-state gain in the frequency domain. The corner frequency reflects the rapidity of the HR response to vagal stimulation; the higher the corner frequency, the faster the HR response. The dynamic gain, corner frequency, and lag time were estimated by means of an iterative nonlinear least-squares regression. The phase shift of the transfer function indicates, with respect to the input signal, a lag or lead in the output signal normalized by its corresponding frequency of input modulation.
To quantify the linear dependence of the HR response on vagal stimulation, the magnitude-squared coherence function [Coh( f )] was estimated as follows [17, 18] . (3) Coherence values range from zero to unity. Unity coherence indicates perfect linear dependence between the input signals and output signals; in contrast, zero coherence indicates total independence between the two.
To facilitate the intuitive understanding of the system dynamic characteristics, we calculated the system step response of HR to 1 Hz nerve stimulation as follows. The system impulse response was derived from the inverse Fourier transform of H( f ). The system step response was then obtained from the time integral of the impulse response. The length of the step response was 51.2 s. We calculated the maximum step response by averaging the last 10 s of the step response. The time constant of the step response was calculated from the corner frequency of the corresponding transfer function using the following relationship. (4) In this defi nition, the time constant is related inversely to the corner frequency without being infl uenced by the lag time.
The static transfer function from stepwise vagal stimulation to HR was estimated by averaging the HR data during the fi nal 10 s of the 60 s stimulation at each stimulation step.
Statistical analysis. Values are mean ± SD. A two-way ANOVA, with drug and CSS as the main effects, was used to test the differences among parameters. P < 0.05 was considered signifi cant. 
Dynamic protocol
The mean values of AP and HR before and during dynamic vagal stimulation are summarized in Table 1 . This stimulation did not affect AP under any of the conditions, but it signifi cantly decreased the mean HR except under the conditions of K ACh channel blockade without CSS, which increased the mean HR (P < 0.01), but not the mean AP, both before and during vagal stimulation. Figure 2A illustrates the dynamic transfer functions characterizing the vagal HR control averaged for all animals under conditions of control (thin lines) and K ACh channel blockade (thick lines), without (left) and with (right) CSS. Gain plots, phase plots, and coherence functions are shown. Note that the frequency axes of these plots indicate the modulation frequency of the random input signal and not the vagal stimulation frequency itself. Table 2 summarizes parameters of the transfer function at 0.01, 0.1, 0.5, and 1 Hz and also those of the step response. Tertiapin attenuated the dynamic gain compared with the control conditions regardless of CSS. The phase approached -Π radians at the lowest frequency and lagged with increasing frequency under the control conditions. Tertiapin increased the phase delay in the frequency range from 0.01 to 1 Hz. Coherence was near unity in the overall frequency range under the control conditions. A decrease in the coherence function from unity was noted >0.6 Hz under the condition of the K ACh channel blockade, which was reversed by CSS. Figure 2B shows the calculated step response of HR to vagal stimulation averaged for all animals under the conditions of control (thin lines) and K ACh channel blockade Values are means ± SD (n = 7). CSS, cardiac sympathetic stimulation; AP, arterial pressure; HR, heart rate. **P < 0.01 vs. corresponding values before stimulation. Tertiapin was infused at 30 nmol/kg iv. 
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DISCUSSION
We have examined the effect of background sympathetic tone on the direct action of ACh through K ACh channels by examining the dynamic and static transfer characteristics. The major fi ndings in the present study are that the bradycardic response to vagal stimulation via the K ACh channels was augmented by concomitant CSS, depending on vagal stimulation frequency. The rapidity of vagal HR control obtained by the K ACh channels, however, was not affected by CSS. These fi ndings support our hypotheses and demonstrated, for the fi rst time to our knowledge, the existence of an accentuated antagonism in the direct action of ACh through the K ACh channels.
Effect of CSS on the rapidity of vagal HR control via K ACh channels
Our results indicate that the rapidity of the vagal HR control via the K ACh channels was not affected by background sympathetic tone. In the transfer function, the phase values were signifi cantly more delayed by the K ACh channel blockade in the frequency range from 0.01 to 1 Hz in agreement with our previous study [6] . In contrast, CSS did not affect the phase characteristics, in which no significant interaction was observed at each frequency (Table 2) . Moreover, the calculated step response clearly demonstrated that tertiapin significantly prolonged the time constant by >2 s, whereas CSS did not affect it (Fig.  2B and Table 2 ).
Changes in fitted parameters of the transfer function from vagal stimulation to HR also support our fi rst hypothesis that CSS does not affect the rapidity of the vagal HR control mediated by the K ACh channels. Tertiapin decreased the corner frequency to a similar degree without or with CSS, which did not affect the corner frequency. On the other hand, tertiapin prolonged the lag time, whereas CSS shortened it (Table 3) . However, changes in the lag time caused by tertiapin or CSS were less than 0.1 s and might (thick lines), without (left) and with (right) CSS. Tertiapin slowed the transient response and attenuated the HR response to vagal stimulation in the time domain. CSS did not affect the time constant, though it augmented the maximum step response. A signifi cant interaction was observed between the tertiapin and CSS effects in the maximum step response, but not in the time constant ( Table 2) .
The fitted parameters of the transfer functions are summarized in Table 3 . Tertiapin signifi cantly decreased the dynamic gain and the corner frequency and significantly increased the lag time. Conversely, CSS significantly increased the dynamic gain and significantly decreased the lag time. A significant interaction was observed between the tertiapin and CSS effects only in dynamic gain. Figure Values are means ± SD (n = 7). CSS, cardiac sympathetic stimulation; HR, heart rate. Tertiapin was infused at 30 nmol/kg iv.
Static protocol
be insignifi cant in terms of physiological HR control.
Effect of CSS on the gain of vagal HR control via K ACh channels
Because the direct action of ACh via K ACh is considered to be independent of sympathetic control [12] , an accentuated antagonism is unlikely to occur in the direct action. However, because the interbeat interval is determined by the pacemaker potential of the sinus node cells, which in turn depends on all of the potassium, sodium, and calcium currents, there could be interaction between the K ACh channel pathway and background sympathetic tone when we observe the HR response. Changes in the sodium current and/or calcium current induced by background sympathetic tone would modify the effect of changes in the potassium current through the K ACh channels.
Our results indicate that accentuated antagonism occurred, affecting the direct action of ACh in the range of mild vagal stimulation as follows. In the dynamic protocol that was carried out with a mean vagal stimulation frequency of 5 Hz, significant positive interaction was observed between the tertiapin and CSS effects, affecting the dynamic gain as well as the calculated maximum step response ( Table 2 ), suggesting that the effect of the K ACh channel pathway was enhanced during CSS. The static protocol also showed signifi cant positive interaction at 5 Hz vagal stimulation (Fig. 3B) . The augmentation of the bradycardic response to vagal stimulation gained by the direct action of ACh through the K ACh channels was enhanced under concomitant CSS.
The reason for the absence of a positive interaction between the tertiapin and CSS effects at 15 and 20 Hz vagal stimulation is unclear (Fig. 3B) . One possible explanation is the curvilinearity of the HR response to vagal stimulation. In the right panel of Fig. 3A , the tertiapin-free control data (open symbols), which correspond to S(+)D(+) in Fig. 3B , showed the steepest slope at the 0-5 Hz vagal stimulation step. The slope became shallower as the vagal stimulation frequency increased, suggesting a saturation phenomenon of HR reduction in response to vagal stimulation. It is very likely that such curvilinearity masked possible positive interaction between CSS and the direct action of ACh in determining the HR reduction during 15 and 20 Hz vagal stimulation. Accentuated antagonism in the direct action of ACh through K ACh channels might therefore operate under balanced conditions of sympa- The existence of an accentuated antagonism in the direct action of ACh through the K ACh channels could be explained by macromolecular signaling complexes in which G protein-gated inwardly rectifying potassium (GIRK) channels are physically associated with signaling partner regulated by different G protein-coupled receptors (GPCRs) [19, 20] . Cardiac sympathetic stimulation simultaneously activates several different GPCRs: α-adrenergic, β1-adrenergic, and β2-adrenergic receptors. Notably, the β1-adrenergic receptor is coupled to downstream kinase, protein kinase A (PKA). The β-adrenergic signaling via PKA phosphorylation increases the activity of K ACh channels [21, 22] . Taken together, β-adrenergic receptors might augment the activity of K ACh channels via a PKAdependent mechanism.
Limitations
This study has several limitations. First, the data was obtained from anesthetized animals. Since anesthesia would affect the autonomic tone, the results may not be directly applicable to conscious animals. However, because we cut and stimulated the right cardiac sympathetic and vagal nerves, changes in autonomic outflow associated with anesthesia might not have signifi cantly affected the present results.
Second, we blocked the K ACh channels to examine the effect of background sympathetic tone on the direct effect of ACh through the K ACh channels. On the other hand, if we had blocked the indirect effect of ACh through the cyclic AMP pathway, leaving the direct effect of ACh intact, and then examined the effect of background sympathetic tone on the HR response to vagal stimulation, the results might have been excessively straightforward. However, we could fi nd no blocker for the indirect effect of ACh alone that was suitable for in vivo study at present. Further studies are required to directly examine the effect of background sympathetic tone on the direct effect of ACh through the K ACh channels.
In conclusion, concomitant CSS affected no parameters of rapidity (i.e., the corner frequency in the frequency domain and the time constant in the time domain) of vagal HR control via K ACh channels. Moreover, HR reduction in response to vagal stimulation via K ACh channels was augmented by concomitant sympathetic stimulation at 5 Hz vagal stimulation. These fi ndings suggest that the rapidity of response of the vagal HR control via K ACh channels is invariant with respect to background sympathetic tone, and that the magnitude of vagal HR control via K ACh channels is affected by background sympathetic tone in vivo.
